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Dispersion relations of the crystal-field excitations in cubic antiferromagnets CeTe, CeSe, and CeS
have been investigated by inelastic neutron scattering using single crystalline samples. The Fourier
transform of the magnetic exchange interaction J(q) obtained from the crystal-field dispersion is
largely different from that of the mean-field interaction obtained from the Ne´el temperature and
the Weiss temperature. From detailed reexamination of the magnetic susceptibility and these J(q)
relations, we conclude that the magnetic exchange interaction is dependent on the crystal-field levels.
The interaction associated with the Γ8 excited state is stronger than that with the Γ7 ground state.
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1. Introduction
Ce monochalcogenides, CeXc (Xc = S, Se, Te), crystallizing in the cubic NaCl-type structure,
have been considered as simple antiferromagnets with the propagation vector q=(1/2,1/2,1/2), where
the magnetic degree of freedom arises from the Γ7-doublet crystalline electric field (CEF) ground
state [1–5]. The Ne´el temperatures of 2.0 K, 5.4 K, and 8.4 K for CeTe, CeSe, and CeS, respectively,
reflects the strength of the magnetic exchange interaction, which mainly depends on the inter-atomic
distance between Ce atoms; the lattice constants are a=6.361 Å for CeTe, 5.992 Å for CeSe, and
5.776 Å for CeS. The Γ8-quartet excited state is well isolated at 32 K in CeTe, 116 K in CeSe, and
140 K in CeS, which are also associated with the lattice constant [3, 5]. The ordered moments of 0.3
µB for CeTe, 0.56 µB for CeSe, and 0.57 µB for CeS are roughly consistent with 0.71 µB for the Γ7
CEF eigenstate [2,5]. Although the reductions of the moments are considered to be due to the Kondo
effect, which is the strongest in CeS and the weakest in CeTe, the reason for the most reduced value
for CeTe has not been resolved yet [6, 7].
Recently, from the experimental studies of the physical properties of CeXc’s extended to high
pressures and high magnetic fields, the role of the Γ8 excited state has been recognized [8, 9]. In
CeTe, with increasing pressure, a rich variety of magnetic phases appears in the H −T phase diagram
because of the fall in the Γ8 energy-level under pressure, leading to more contribution of the magnetic
and quadrupolar degrees of freedom of the Γ8 quartet state. Even at ambient pressure, application of
high magnetic field induces contribution from the Γ8 excited state [10]. This is due to the relatively
large off-diagonal matrix element between Γ7 and Γ8; 〈Γ7|Jz|Γ7〉 = ±0.833, 〈Γ8a|Jz|Γ8a〉 = ±1.833,
〈Γ8b|Jz|Γ8b〉 = ±0.5, and 〈Γ7|Jz|Γ8a〉 = ±1.491. Also in CeSe and CeS, the Γ8 energy-level falls
with increasing pressure, which may be associated with the enhancement in the Kondo effect due
to the increase in the orbital degeneracy. Although the p – f mixing effect can be an important
mechanism for the reduction in the CEF splitting, the detail has not been understood yet. It is therefore
important to understand the nature of the magnetic exchange interaction in more detail to understand
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the anomalous properties observed under high pressures and high magnetic fields. For this purpose,
in the present paper, we analyze the dispersion relations of the CEF excitation observed for CeXc’s by
inelastic neutron scattering experiments. The temperature dependences of the magnetic susceptibility
are reexamined in detail to explain the observations consistently. It is shown that we need to introduce
exchange interactions which is dependent on the CEF states.
2. Experiment
Single crystalline samples were prepared by the Bridgeman method using vacuum sealed tungsten
crucibles [6]. Inelastic neutron scattering experiments were performed using the triple-axis thermal
neutron spectrometer TOPAN installed at the beam hole 6G of the research reactor JRR-3, Japan
Atomic Energy Agency, Tokai. A monochromatized incident beam was obtained using the 002 Bragg
reflection of PG crystals. The energy of the scattered beam was analyzed using a PG-002 analyzer in
the constant final energy mode at 14.7 meV. Collimators were Blank-30’-30’-Blank.
3. Results and Analysis
Figure 1 shows the inelastic neutron scattering spectra of the Γ7–Γ8 CEF excitation of CeTe
and the dispersion relations at several temperatures. The raw spectrum in Fig. 1(a) was analyzed
with a scattering function S (E) = IP(E,∆, Γ)E/{1 − exp(−E/kBT )}, where IP(E,∆, Γ) represents
a Lorentzian spectral function centered at E = ∆, the CEF excitation energy, with a half-width Γ
and an intensity I. The resultant parameters obtained from the fit is summarized in Fig. 1(b). The
q-dependence of the excitation energy is significant at low temperatures and becomes less dispersive
at high temperatures. It is interesting that the energy is strongly dependent on temperature, whereas it
is independent of temperature at the X-point (1,0,0) in the reciprocal space. The energy width of the
excitation peak is almost resolution limited, indicating that the 4 f -electron is well localized in CeTe
and the hybridization is weaker than those of CeSe and CeS.
Let us analyze the dispersion relation by considering that it is caused by the inter-site magnetic
exchange interaction Ji j. The neutron scattering function S (q, E) is related with the imaginary part of
the generalized susceptibility χ(q, E) by S (q, E) ∝ χ′′(q, E)/{1 − exp(−E/kBT )}, where χ(q, E) can
be assumed in the mean-field random-phase (MF-RPA) approximation by
χ(q, E) =
χ0(E)
1 − J(q)χ0(E)/g2µ 2B
. (1)
J(q) represents the Fourier transform of the magnetic exchange interaction Ji, j and χ0(E) the fre-
quency (E = ~ω) dependent single-site dynamic susceptibility due to the CEF split levels. By treat-
ing the Γ8 energy level ∆ and the exchange constants of J1 (nearest neighbor) and J2 (next nearest
neighbor) as fitting parameters, we analyzed the dispersion relation of Fig. 1. From the result at 2.5
K, J1 = 0.26 K and J2 = −0.31 K were obtained. The temperature dependence of the Γ8 energy level,
which decreases with decreasing temperature, is shown in Fig. 1(c). We do not understand the reason
for this unusual behavior of ∆(T ) at the moment.
The dispersion relation of J(q) =
∑
j J j exp(−iq · r j) deduced from the above obtained J1 and J2
values for CeTe is shown in Fig. 2(a). The J(q) relations for CeSe and CeS, which were also deduced
from the same procedure as above by inelastic neutron scattering, are also shown in Fig. 2(a). The
exchange parameters are (J1, J2) = (0.41,−0.63) K for CeSe and (J1, J2) = (0.33,−0.61) K for CeS,
which are summarized in Table I by J(CEF). For all the three compounds J(q) takes the maximum at the
L-point, which is consistent with the type-II magnetic order at (1/2,1/2,1/2). However, the calculated
TN’s from these J(qL) values, i.e., the temperature where J(qL)χ0(0) = g
2µ 2B is satisfied in Eq. (1),
are different from the actual values. In addition, the positive J(qΓ)’s in Fig. 2(a), which represent
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Fig. 1. (color online) (a) Inelastic neutron scattering spectra of CeTe measured at three reciprocal lattice
points of Γ : (1, 1, 1), L : (3/2, 1/2, 1/2), and X : (1, 0, 0). The instrumental energy resolution (full width at half
maximum) at the energy transfer of 2.7 meV is represented by the horizontal bar in the top figure. The solid
lines are the fits with a Lorentzian spectral function. (b) Dispersion relations of the Γ7–Γ8 CEF excitation in
CeTe at several temperatures. The solid lines are the calculated dispersion relations by assuming a MF-RPA
model with J1 = 0.26 K and J2 = −0.31 K. The dashed lines represent the center of the dispersion, i.e., the
single-site Γ8 energy-level. (c) Temperature dependence of the single-site Γ8 energy-level.
the exchange interaction for a uniform field, is inconsistent with the apparently antiferromagnetic
exchange observed in the inverse magnetic susceptibility shown in Fig. 3.
Using the single-cite static susceptibility χ0 due to the CEF split levels, the static susceptibility
1/χ(q) in the mean-field model is written as
1
χ(q)
=
1
χ0
−
J(q)
g2µ 2B
. (2)
At the q vector where J(q) takes the maximum χ(q) diverges at the highest temperature, which
determines TN in the mean-field approximation. From the experimental TN and the relation of J(qL) =
−6J2 for the fcc lattice, we can estimate the mean-field J
(MF)
2 value. The mean-field J
(MF)
1 is obtained
from the shift of 1/χ from 1/χ0. Since 1/χ(q) = 1/χ0 − λ(q), where λ(q) = J(q)/g2µ 2B , the mean-
field J(qΓ) = 12J1 + 6J2 is associated with the experimental λ(q=0). The resultant parameters are
(J(MF)1 , J
(MF)
2 ) = (0.165,−0.33) K for CeTe, (0.24,−1.5) K for CeSe, and (0.25,−1.0) K for CeS.
The mean-field J(q) curves for the three compounds calculated from these parameters are shown in
Fig. 2(b). J(qL) and J(qΓ) values in this figure reproduces TN and λ just above TN, respectively.
However, again, Eq. (2), with a single parameter λ assuming a uniform exchange constant, can-
not well explain the temperature dependences of 1/χ. As shown in Fig. 3 by the lines of uniform
exchange, a simple shift of 1/χ0 to fit the data at low temperatures fails to explain the data at high
temperatures. The disagreement between J(CEF) and J(MF) also remains unresolved. To consider these
problems, we take into account orbital dependent exchange interactions [11].
The total magnetic moment 〈µ〉 consists of the moments from the Γ7, Γ8, and from the Van-Vleck
contribution through the off-diagonal matrix element, which are represented by 〈µ7〉, 〈µ8〉, and 〈µ[78]〉,
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Fig. 2. (color online) (a) Dispersion relations of J(q) obtained from the MF-RPA analysis of the CEF exci-
tations for CeTe, CeSe, and CeS. (b) Dispersion relations of J(q) to reproduce T (exp)N and λ
(exp)
q=0 by assuming
J(qL) = −6J2 and J(qΓ) = 12J1 + 6J2. (c) Dispersion relations of J(q) deduced from the J1 and J2 parameters
to explain the spin wave dispersion of CeSe in Ref. 4.
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Fig. 3. (color online) Temperature dependences of inverse magnetic susceptibility of CeS, CeSe, and CeTe.
The solid lines are the calculations considering the orbital dependent exchange (ODE) interactions for the
CEF levels. The dashed, dot-dashed, and double dot-dashed lines are the calculations considering the uniform
exchange (UE) interaction to fit 1/χ at low temperatures; λ = −22, −12, and 0 (mol/emu) for CeS, CeSe, and
CeTe, respectively.
respectively. The molecular field for 〈µ7〉 arises from 〈µ7〉 itself, 〈µ8〉, and 〈µ[78]〉, each of which has its
own exchange constant, λ77, λ78, and λ7[78], respectively. The numbers without and with the brackets
represent the Curie and the Van-Vleck terms, respectively. The molecular fields for 〈µ8〉 and 〈µ[78]〉
are expressed in the same manner, where λ87=λ78, λ7[78]=λ[78]7, and λ8[78]=λ[78]8. Using the single
ion susceptibilities χ(7)0 , χ
(8)
0 , and χ
[78]
0 for the local CEF levels, the total magnetic susceptibility χ is
obtained by solving the following equations:
〈µ〉 = 〈µ7 + µ8 + µ[78]〉 = χH (3)
〈µ7〉 = χ
(7)
0 (H + λ77〈µ7〉 + λ78〈µ8〉 + λ7[78]〈µ[78]〉 (4)
〈µ8〉 = χ
(8)
0 (H + λ87〈µ7〉 + λ88〈µ8〉 + λ8[78]〈µ[78]〉 (5)
〈µ[78]〉 = χ
[78]
0 (H + λ[78]7〈µ7〉 + λ[78]8〈µ8〉 + λ[78][78]〈µ[78]〉 (6)
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Table I. The experimental results of TN (K) and λq=0 (mol/emu), the nearest and next nearest exchange
parameters J(CEF)1 (K) and J
(CEF)
2 (K) obtained from the fit of the energy dispersion of the CEF excitation by a
MF-RPA model, J(MF)1 (K) and J
(MF)
2 (K) to explain T
(exp)
N and λ
(exp)
q=0 , J
(SW)
1 (K) and J
(SW)
2 (K) to explain the spin
wave dispersion in the ordered phase, and the orbital dependent exchange parameters λ77 = λ[78]7, λ88 = λ[78]8,
and λ[78][78] (mol/emu).
T
(exp)
N λ
(exp)
q=0 J
(CEF)
1 J
(CEF)
2 J
(MF)
1 J
(MF)
2 J
(SW)
1 J
(SW)
2 λ77 λ88 λ[78][78]
CeS 8.4 −22 0.33 −0.61 0.24 −1.5 – – −38 −50 1
CeSe 5.4 −10 0.41 −0.63 0.25 −1.0 −0.46 −1.8 −20 −44 4
CeTe 2.0 0 0.26 −0.31 0.165 −0.33 – – −3.0 −10 4
The parameters to fit the experimental 1/χ in the whole temperature range from TN to 300 K are
listed in Table I. To avoid complexity, we assumed λ77 = λ[78]7, λ88 = λ[78]8, and λ78 = (λ77 +λ88)/2.
As shown by the solid lines in Fig. 3, the data are well reproduced by considering the orbital depen-
dent exchange constants. It is noted that the exchange constant for the CEF excitation correspond to
λ[78][78] because the CEF excitation is associated with the off-diagonal elements between Γ7 and Γ8.
The propagation of the CEF excitation (magnetic exciton) is caused by the exchange interaction be-
tween the Van-Vleck magnetic moments. Therefore, J(q) in Fig. 2(a) should be written as J[78][78](q).
The λ[78][78] parameters in Table I are chosen so that they are consistent with the J[78][78](qΓ) values in
Fig. 2(a). On the other hand, J(q) in Fig. 2(b) should be written as J77(q) because the exchange inter-
action at low temperatures just above TN mostly arises between the Γ7 ground states. By treating the
exchange interactions as dependent on the CEF states, the difficulties in understanding the exchange
constants and the magnetic susceptibilities were removed.
4. Discussion
The orbital dependent exchange is considered to play an important role in f -electron systems
with crystal-field split levels. For example, in the filled-skutterudite compound SmRu4P12, only the
Γ7 state has a mixing with the conduction band of the p-electrons, which leads to a characteristic
exchange interaction and the appearance of a magnetic-field induced charge-ordered phase [12]. In
the present analysis on CeXc, it is remarked that the exchange interaction associated with the Γ8
excited state is larger than that with the Γ7 ground state. Although this may be associated with the
fact that only the Γ8 state has a mixing with the p-orbital of Xc, the details have not been clarified yet.
Another point to be noted is that J2 is larger than J1, which can be concluded from Table. I regardless
of the evaluation method. This also shows that the exchange interaction through the p-orbital of Xc
is more important than the nearest neighbor interaction through the conduction electron states of the
Ce-5d orbitals. The different exchange parameters obtained from the spin wave dispersion in CeSe is
considered to be due to the change in the exchange interaction by forming the magnetic ordered state.
The main contribution from the J2 term is consistent with the formation of the type-II magnetic
order with q=(1/2,1/2,1/2), where all the moments at the second nearest neighbor sites are antiferro-
magnetically coupled. However, the moments on the nearest neighbor sites are frustrated in the fcc
lattice. This could be one of the reasons for the reduced ordered moment in CeTe, where the J1 and
J2 values are closer to the J2 = −J1 line, the boundary between the type-II antiferromagnetic order
and the ferromagnetic order in the mean-field model. This is a subject to be studied in future to clarify
the effect of frustration.
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5. Summary
We performed inelastic neutron scattering experiments to study the dispersion relations of the
Γ7-Γ8 CEF excitations of CeTe, CeSe, and CeS using single crystalline samples. The results were
analyzed using a mean-field random phase model and we obtained the exchange constants of J1 and
J2. We analyzed the discrepancy between these values and those from the bulk properties of TN and
λ by introducing an orbital dependent exchange parameters, which succeeded in well explaining the
temperature dependence of the inverse magnetic susceptibility. From these analyses, we suggest that
the interaction associated with the Γ8 excited state is stronger than that with the Γ7 ground state,
playing an important role in realizing the rich variety of ordered phases under pressure and high
magnetic fields through the mixing with the Γ8 excited state.
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